A B S T R A C T The effects of a fat meal upon plasma insulin, glucagon, and glucagon-like immunoreactivity (GLI) have been studied in conscious dogs and in human volunteers. In dogs the intraduodenal instillation of 10 g/kg of peanut oil was accompanied by increases in the mean plasma levels of all three polypeptides that averaged 5 ytU/ml, 107 pg/ml, and 2.1 ng/ml, respectively.
A B S T R A C T The effects of a fat meal upon plasma insulin, glucagon, and glucagon-like immunoreactivity (GLI) have been studied in conscious dogs and in human volunteers. In dogs the intraduodenal instillation of 10 g/kg of peanut oil was accompanied by increases in the mean plasma levels of all three polypeptides that averaged 5 ytU/ml, 107 pg/ml, and 2.1 ng/ml, respectively.
3 g/kg of peanut oil, when emulsified with egg yolk, elicited a much greater response of the three hormones, and a physiologic dose of 1 g/kg in emulsified form also caused a significant rise in glucagon and GLI. The islet cell hormone response was not ascribable to chylomicronemia since intravenous infusion of canine chyle failed to stimulate glucagon secretion; moreover, in dogs with a thoracic duct fistula in which chyle was excluded from the circulation, the intraduodenal administration of a fat meal elicited the normal islet cell hormone response, as well as a rise in GLI. 10 g/kg of mediumchain triglycerides failed to elicit these same responses.
In six human volunteers the oral administration of 3 g/kg peanut oil was accompanied by increments of 2 AU/ml, 26 pg/ml, and 1.5 ng/ml in the mean levels of insulin, glucagon, and GLI. The changes in insulin and glucagon in man were neither statistically significant nor biologically impressive.
It is concluded that in dogs fat absorption is accompanied by prompt and substantial increases in plasma glucagon and GLI and a small transient rise in insulin. The evidence favors an enterogenic signal to the islets of Langerhans rather than their stimulation by chylomi-
INTRODUCTION
The effects of a fat meal upon the hormones of the islets of Langerhans are not well established. Pi-Sunyer et al.
(1) described a small rise in insulin after the ingestion of corn oil in man, but others have reported no change in insulin after a fat meal (2) (3) (4) . The present study was designed to determine the effects of fat ingestion upon the secretion of insulin and glucagon; in addition, the response of glucagon-like immunoreactivity, commonly referred to as GLI or enteroglucagon, a family of polypeptides of uncertain function released from the gastrointestinal tract during glucose absorption, was measured.
The results support the existence of a hitherto unsuspected enteroinsular axis for fat that could play a role in triglyceride homeostasis. METHODS Healthy mongrel dogs weighing between 13 and 28 kg were employed in these studies. 2 days or more before an experiment, a polyethylene catheter was inserted through the jugular vein into the inferior vena cava between the heart and liver, and another was passed through a midline incision into the duodenum for administration of triglycerides. After full recovery of the dog from surgery, the experiment was performed with the animal in a fully conscious state. Blood specimens were obtained at frequent intervals from the inferior vena caval catheter in plastic syringes and transferred into chilled tubes containing 5,000
Plasma GLI was measured by means of a previously described (7) 200 /Ll of plasma sample and antiserum 30K, which is highly specific for pancreatic glucagon and which was employed in a final dilution of 1: 60,000, were incubated in a total volume of 1.2 ml. Antiserum G-58, considered even more specific than 30K, was used in selected experiments. Incubation and separation were performed as described above. Insulin was measured by the radioimmunoassay method of Yalow and Berson (8) as modified by Herbert et al. (9) . The latter method measures changes of 2 uU/ml with 95% confidence.
Normal human volunteers, members of the house staff, were also studied in a similar fashion described in further detail below. Blood samples were obtained through an indwelling butterfly needle. All analytical procedures were identical except that antiserum G-58 was used instead of 30K in the glucagon assay. Statistical significance was calculated from t tests based on paired comparisons between the mean base-line values and the experimental period.
RESULTS
Effect of intraduodenal administration of long-chain triglycerides on insulin, glucagon, and GLI. To determine the effects of a fat meal, 10 g/kg of peanut oil was administered intraduodenally over a 15 min period to a group of nine dogs (Fig. 1) . 10 min after the start of intraduodenal instillation of the triglyceride meal, a rise in pancreatic glucagon was observed in every dog. Mean glucagon rose slightly from 96 pg/ml (SEM+21) at zero time to 114 pg/ml (SEM±16) at 15 min, significantly greater (P < 0.01) by paired comparison than the mean of the base line values, and reached peaks of 161 pg/ml (SEM+28) at 60 min (P < 0.0005) and 191 (SEM+62) at 180 min (NS). The mean maximal rise of glucagon was 142 pg/ml (SEM±42). Mean insulin rose from 12 AU/ml (SEM+3) at zero time to 17 jU/ ml (SEM±7) at 15 min, not significantly greater than the mean of the base-line values, and returned to baseline levels within 20 min after the triglyceride meal. The mean maximal rise in insulin was 10.4 ,U/ml (SEM± 4.2) .
GLI increased from a fasting value of 1.4 ng/ml to a peak of 3.5 ng/ml at 150 min; statistically significant increases above the mean of the base-line values were observed from 30 to 240 min (P < 0.02). Triglycerides rose to a peak of 91 mg/100 ml (SEM+11) at 180 min; most of the increase occurred during the 2nd h of the experiments.
The increases in mean glucagon and GLI observed in Fig. 1 glycerides rose from 37 mg/100 ml (SEM±3) to a maxmg/iOOmI imum of 76 mg/100 ml (SEM±6) at 150 and 180 mill.
- 70 The changes in glucagon and GLI were only slightly I50 less than those observed with 10 g/kg of unemulsified fat.
RIDES (VC) 30
In the experiments with 3 g/kg of fat, the dogs received in addition to the triglycerides 2/3 of an egg yolk, (pV) which contains approximately 2 g of protein, itself a pg/ml stimulus to glucagon secretion (10) 3-6 times the quantity employed to emulsify the fat, were -100 administered intraduodenally in a group of three dogs.
The results are shown in Table II . Although there was a 0 I small rise in all three hormones, it is clear that the protein in the egg yolk could not, by itself, account for the (VC) responses observed in the experiments employing emulsified fat.
120
The parallelism of the glucagon and GLI responses in Fig. 3 again raises the question of whether cross-reacieasured simultane-tivity between GLI and antiserum 30K could account for I vena cava (VC) the apparent rise in pancreatic glucagon. To determine 10 g/kg of peanut the source of the immunoreactivity measured in the 30K assay in these experiments, pancreaticoduodenal vein and inferior vena caval plasma were obtained simultaneously c and administered after the intraduodenal administration of 3 g/kg of fat sults are shown in emulsified with egg yolk. Pancreatic glucagon was mea- Fig. 3 . All three hormones rose as observed previously, but the rises were more rapid and substantial in these experiments, possibly because of increased fat absorption reflected by a greater rise in serum triglycerides to more than 100 mg/100 ml at 180 miii. Mean insulin rose promptly from 9 jdU/ml (SEM±1) at zero time to 22 ,dU/ml (SEM+8) at 20 min (NS). Glucagon rose from 49 pg/ml (SEM±11) to a peak of 303 pg/ml (SEM+ 26) at 60 min and declined rapidly thereafter. GLI rose from 1.8 ng/ml (SEM+0.2) to a peak of 15.0 ng/ml (SEM±0.6) at 60 min (P < 0.005) and declined thereafter, again following a course parallel to that of glucagon. Increments were statistically significant at 45, 60, and 240 min (P < 0.02).
To determine the effect of quantities of fat within the physiologic range of a normal meal, 1 g/kg of peanut oil emulsified with A of an egg was administered to a group of four dogs. The results, recorded in Table I , revealed in all dogs hormonal changes qualitatively similar to those observed with larger doses. Mean glucagon rose from 51 pg/ml (SEM±16) to a peak of 120 pg/ml (SEM+9) at 60 min, (P < 0.01) and returned to baseline levels at 180 min. Insulin rose slightly at 5 min from 7 iU/ml (SEM±0.4) to 11 iAU/ml (SEM±2.0), again not statistically significant, and remained between those levels thereafter. GLI rose from 0.9 ng/ml (SEM+0. alpha cell stimulation by chylomicronemia, a stimulating signal from the gastrointestinal tract released during fat absorption, or a combination of both. To distinguish between these three possibilities, chylomicronemia was induced by intravenous means so as to bypass intestinal absorption. Thoracic duct chyle, collected from anesthetized dogs after the intraduodenal administration of peanut oil, was infused intravenously within 20 h of its collection at a rate of 1.1-2.1/min for 60 min in a group of five conscious dogs (Fig. 6) . Although the mean triglyceride concentration rose above the highest values observed after intraduodenal administration of peanut oil, pancreatic glucagon and GLI did not change significantly. Insulin rose only slightly from 10 sU/ml (SEM+3) at zero time to 13 uU/ml (SEM+2) at 30 min (P < 0.025), 12 AU/ml (SEM±3) at 40 min (P < 0.02), and 13 AU/ml (SEM±2) at 60 min (P < 0.01). These extremely small changes were statistically significant when compared with the mean base-line level.
These results suggest that the rise in glucagon observed after a fat meal is not the consequence of chylomicronemia itself but is the result of a signal from the intestinal tract to the islets of Langerhans released during triglyceride absorption.
Effect of intestinal fat absorption without chylomicronemia upon glucagon, insulin, and GLI. If, in fact, a gut signal discharged during triglyceride absorption is alone responsible for the rise in glucagon and, at least in part, for the variable rise in insulin observed after a fat meal, a comparable bihormonal response would be expected even if the absorbed fat were excluded from the circulation by means of a thoracic duct fistula. In order to determine if this, in fact, does occur, a group of five dogs with a previously established thoracic duct fistula were given 10 g/kg of peanut oil via an intraduodenal catheter.
As shown in Fig. 7 , mean triglycerides did not change at any time in the 240-min experiments, indicating that most or all of the absorbed fat had been excluded from are compared in Table VI . The results suggest that the response of glucagon and if it does, in fact, constitute a response, that of insulin to fat absorption is mediated by a signal from the gut rather than by chylomicronemia. The effect of medium-chain triglycerides on glucagon and insulin. Only one hormone, pancreozymin-cholecystokinin, is known to be released during fat absorption (11) and to stimulate glucagon and insulin secretion (12 served during the absorption of medium-clain triglycer-10 g/kg of medium-chain triglycerides was, there-ides, but these were small compared with the rises in tore, administered intraduodenally to a group of nine GLI induced by the absorption of long-chain triglycerdogs, and glucagon, insulin, and GLI were measured. ides. These findings raise the possibility that the rePersonal communication.
lease of both the signal to the islets of Langerhans Glucagon, Insulin, and GLI during Fat Absorption 2 25,39) and of GLI is somehow linked to one or more of the several metabolic events peculiar to the absorption of long-chain triglycerides. DISCUSSION The foregoing studies reveal that in the dog the absorption of a fat meal is accompanied by increased secretion of glucagon and GLI and an extremely small rise in insulin. The latter agrees with earlier work in human subjects by Pi-Sunyer et al. (1) in which a very small increase in insulin was noted soon after the ingestion of a fat meal. In the present study mean insulin rose 5 /LU/ml at 15 min. Glucagon and GLI, not previously studied during fat absorption, increased far more strikingly; mean glucagon rose significantly at 15 min and remained significantly elevated throughout almost all of the 240 min experiment, reaching a level of 151 pg/ml at 45 min. GLI increased 2.0 ng/ml at 45 min and remained above base line levels for approximately 3 h. When the fat was presented in emulsified form, the response of glucagon and GLI were far more impressive and occurred with a fat load of only 1 g/kg, well within the physiologic range.
The studies strongly suggest that the response of glucagon to the absorption of fat is the consequence of a signal released from the gut itself, rather than of postprandial chylomicronemia. Chylomicronemia induced by the intravenous infusion of chyle obtained from the thoracic duct of other dogs fed peanut oil did not excite the changes in glucagon, insulin, or GLI observed during fat absorption. Moreover, the intraduodenal administration of the peanut oil elicited a rise in glucagon, insulin, and GLI in most of the dogs with a thoracic duct fistula despite exclusion of the absorbed fat from the circulation. These findings constitute powerful evidence that the response of the islet cell hormones, particularly that of glucagon, to the ingestion of fat is the consequence of a signal from the gastrointestinal tract.
Long-chain triglycerides must now be added to the list of substances that, when administered intraduodenally, elicit the release of GLI from the gut. The magnitude of the GLI response to emulsified long-chain triglycerides was remarkable-even greater than its response to glucose absorption (13) . The significance and function of the fat-induced rise in GLI is obscure at the present time.
The identity of the enteric signal released by the absorption of fat was not established; however, the only known substance released during fat absorption (11) and known to stimulate glucagon and insulin secretion (12) is pancreozymin-cholecystokinin. The fact that medium-chain triglycerides, which do not stimulate pancreozymin release, do not elicit the same islet cell response as long-chain triglycerides is consonant with the possibility that pancreozymin-cholecystokinin is the afferent signal.
On the other hand, the rise in insulin during fat absorption was extremely small, while the response of dogs given exogenous pancreozymin in doses as low as 19 Crick-Harper-Raper units over 20 min is many times greater.4 Possibly at a lower dose the insulin response would have diminished to a greater degree than the glucagon response, but this remains to be tested. Otherwise, one is forced to consider the possibility that the stimulatory action of pancreozymin upon the beta cells but not the alpha cells is somehow blocked during chylomicronemia. The fact that the mean maximal insulin rise during fat absorption in dogs with a thoracic duct fistula was somewhat greater than in intact dogs could be cited to support this possibility. A negative feedback relationship between lipemia and insulin secretion serving a regulatory function in blood lipid homeostasis would be teleologically attractive.
The physiologic significance of the glucagon response to the absorption of fat is, of course, unknown. The well-documented ability of glucagon to lower plasma triglycerides (14) (15) (16) (17) , conceivably by inhibiting hepatic release of lipoproteins (18) , raises the possibility of a control system in which fat absorption stimulates the release of glucagon, thus reducing the rate of endogenous lipoprotein release during fat absorption and limiting postprandial hyperlipemia. In this respect, it is noteworthy that a statistically significant fall in triglycerides was observed in the dogs with a thoracic duct fistula during fat-induced hyperglucagonemia, but unfortunately, no control observations are available. Eaton and Kipnis (19) have previously suggested that carbohydrate-induced hyperlipemia might be the consequence of glucagon suppression by an increased intake of carbohydrate; since pancreozymin-induced glucagon secretion is readily suppressed by glucose (20) , their suggestion is compatible with this scheme.
Human subjects exhibited only modest changes in insulin, glucagon, and GLI, which, although qualitatively similar to those observed in dogs, were smaller and, in the case of insulin and glucagon, lacked statistical significance. The difference in the response of humans may be a consequence of the oral route of administration with gastric retention of the oil and need not necessarily represent a species difference. In most of the subjects, the unpalatable peanut oil drink caused mild nausea and an unpleasant sensation of gastric fullness fthat persisted throughout the entire experimental period and may well have retarded the entry of fat into the small intestine. ' Unpublished observations.
